Recently developed solid bases of MgO and CaO covered with Al2O3 were applied to the alkylation of malonate with several types of alkyl halides. Diethyl malonate was converted into mono-alkylated and/or di-alkylated malonate by these solid bases without solvent. Prepared solid bases showed higher activity than unmodified MgO and CaO. Al2O3/MgO gave mono-alkylated malonates with high selectivity. Al2O3/CaO gave di-alkylated malonates selectively. Al2O3/CaO also catalyzed alkylation of mono-alkylated malonates. MgO and CaO covered with Al2O3 are useful solid bases for the alkylation of activated methylene groups. The difference in product selectivity was attributed to the base strength of uncovered MgO and CaO.
Introduction
The formation of specific chemical bonds between carbon atoms is one of the most important reactions in organic synthesis. The alkylation of an activated methylene group involves the nucleophilic attack on an alkyl halide by a carbanion formed after proton abstraction by a strong base. The alkylation of malonate requires a stronger base than Knoevenagel condensation. The base and solvent systems applied to alkylation of malonates, such as EtONa (EtOH), Na (toluene), NaOH-phase transfer catalyst (NaOH), KF/Al2O3 (t-butanol), and others, have been extensively investigated 1)～3) . Alkylation without solvent has also been reported 4) , 5) . Solid bases such as KF/Al2O3, Na/NaOH/Al2O3, Na/ MgO and MgO are useful in many heterogeneous reactions 3),6)～8) . Solid bases have several advantages in industrial operations, as the base can be separated easily f r o m p r o d u c t b y fi l t r a t i o n o r c e n t r i f u g a t i o n . Neutralization of product mixture is not necessary in posttreatment. However, solid bases also have serious disadvantages. The base activity is strongly poisoned by H2O and CO2 in the atmosphere. Magnesium oxide and CaO are well known strong solid bases, which can be prepared easily by thermal decomposition of the corresponding metal hydroxides 9)～11) . However, contact with the atmosphere and moisture must be prevented during reaction. We previously described novel solid bases of MgO and CaO covered with Al2O3. These solid bases showed suitable tolerance against H2O and CO2. In addition, the activities of MgO and CaO for the aldol reaction were improved by covering with Al2O3 8),12)～14) . Therefore, such covered solid bases may be applicable to base-catalyzed alkylation.
Here, we describe the application of MgO and CaO covered with Al2O3 to the alkylation of malonates by alkyl halides. These solid bases showed suitable activity and selectivity for the tested reactions.
Experimental
Alkyl halides used in this study were 3-bromo-1-propene (Wako Pure Chemical Industries), 4-bromo-1-butene (Tokyo Chemical Industry), 5-bromo-1-pentene (Tokyo Chemical Industry), 11-bromo-1-undecene (Wako Pure Chemical Industries), benzyl bromide (Wako Pure Chemical Industries) and (2-bromoethyl) benzene (Wako Pure Chemical Industries). Diethyl malonate (Wako Pure Chemical Industries) and diethyl allylmalonate (Alfa Aesar) were used for alkylation. 1 H-NMR spectra were recorded with an EX-270 JEOL FT-NMR spectrometer. Silica gel thin-layer chromatography (TLC) and preparative thin-layer chromatogr a p hy ( P L C ) ( M e r c k a n d Wa ko P u r e C h e m i c a l Industries) were employed for purification of products and monitoring of reactions.
1. Solid Base Preparation
Magnesium hydroxide and Ca(OH)2 was prepared as follows. Commercial MgO (Merck Chemicals) was placed in a beaker and boiled for 1 h in distilled water to obtain Mg(OH)2. Similarly, Ca(OH)2 (Wako Pure Chemical Industries) was treated with the same procedures to obtain Ca(OH)2 with similar properties to Mg(OH)2. The obtained Mg(OH)2 and Ca(OH)2 were dried at 373 K. Solid base covered with Al2O3 (Al2O3/ MgO and Al2O3/CaO) were prepared as follows. Al(OCH(CH3)2)3 (Wako Pure Chemical Industries) was dissolved in ethyl acetate, and then the desired amount of alkaline earth metal hydroxide was added to the solution, which was then stirred for 1 h. The solvent was then removed by evaporation and the residue was dried again at 373 K for 12 h. The sample was calcined in air at 773 K for 3 h. The activated solid base was kept in a glass ampoule until use. 
Alkylation of Malonate over Solid Base
Diethyl malonate (ca. 0.19 mmol) and alkyl bromide (0.19 mmol) were put in a 20-mL eggplant flask fitted with a balloon filled with Ar. The sealed ampoule, in which the catalyst (ca. 0.2 g) was stored, was opened in air to take out the catalyst. The catalyst was immediately put into the flask after opening. The mixture was stirred under Ar gas atmosphere at 383 K for 5 h without solvent (Scheme 1). Solid base was removed by filtration using celite packed in glass tubing. The product was purified by PLC.
3. Mono-alkylation of Diethyl Malonate
The alkylation of diethyl malonate (ca. 0.76 mmol) with alkyl bromide (0.19 mmol) over Al2O3/MgO (ca. 0.2 g) was performed at 383 K for 5 h without solvent (Scheme 2). The reaction, product separation, and purification procedures were as described above. The product was separated and purified as described below.
4. Di-alkylation of Diethyl Malonate
The alkylation of diethyl malonate or monoalkylmalonate (ca. 0.19 mmol) with alkyl bromide (0.76 mmol) over Al2O3/MgO (ca. 0.2 g) was performed at 383 K for 5 h without solvent (Schemes 3 and 4). The reaction, product separation, and purification procedures were as described above.
Results and Discussion
Solid bases of MgO and CaO covered with Al2O3 offered better yield and selectivity than uncovered bases ( Table 1) . Al2O3/MgO gave mono-alkylated malonate (1) with higher yield than unmodified MgO (Entries 1 and 2). Al2O3/MgO showed very low activity for the formation of di-alkylated malonate (2) . A large amount of 2 was produced over pure CaO and Al2O3/CaO (Entries 3 and 4). Al2O3/CaO gave di-alkylated malonate in higher yield than pure CaO (Entries 2 and 4) .
The protons at the methylene position in malonate are activated by the electron withdrawing effect of the two carbonyl groups. These protons are more acidic, and can be removed by a base as H . In monoalkylated malonate, the activity of remained methylene proton is lowered by the electron-donating property of the alkyl group. Therefore, higher basicity is required to remove the remaining methylene proton in monoalkylated malonate.
The base strength of CaO is higher than that of MgO 15) . The strong basicity of CaO affected to the basicity of the solid base covered with Al2O3. The base strength of Al2O3/CaO is higher than that of Al2O3/ MgO. In this experiment, Al2O3/CaO gave di-alkylated malonate in higher yield than Al2O3/MgO. The selectivity of di-alkylation or mono-alkylation should be related to the base strength. Al2O3/MgO had sufficient basicity to activate the proton of the methylene group of diethyl malonate, but not to activate the proton of the mono-alkylated methylene group.
The basicity of CaO is high enough to activate the proton at the alkyl-substituted methylene group, and was increased by covering with Al2O3. Al2O3/CaO showed higher activity than Al2O3/MgO in the retro- aldol reaction of diacetone alcohol 14) . The increased basicity resulted in a higher yield of di-alkylated malonate.
Diethyl malonate was converted into mono-alkylated and/or di-alkylated malonate with various alkyl bromides (Tables 2 and 3) . All examined alkyl bromides gave corresponding alkyl-malonates. Diethyl monoalkylated malonates were also converted into di-alkyl malonates by Al2O3/CaO. The yields of di-alkylated malonates are listed in Table 3 . In particular, octyl bromide, which is an alkylation reagent with low reactivity, provided adequate yield of di-alkylated ethyl malonate. Table 4 shows the results of double alkylation by different types of alkylation reagent. As described, Al2O3/CaO was active for the alkylation of monoalkylated malonates. Al2O3/MgO showed very high selectivity for the formation of mono-alkylated products. These different types of alkyl groups can be introduced to malonate by selecting the solid bases according to the first and second alkylation steps.
Conclusions
Alkylations of malonate was performed over novel solid bases of Al2O3/MgO and Al2O3/CaO. Diethyl malonate was converted into mono-alkylated malonate over Al2O3/MgO with high selectivity. In contrast, dialkylated diethyl malonate was formed over Al2O3/CaO and pure CaO. Various alkyl bromides were converted into the corresponding alkyl-malonates over these solid bases. This reaction was carried out without solvent. Products were separated from the catalyst by simple filtration. The use of highly active solid bases of MgO and CaO covered with Al2O3 may be important in the development of environmentally benign reaction systems.
